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Abstract 

A new scheme for Yukawa matrices is proposed for free of flavor changing neutral currents 
(FCNCs) at tree level in general two-Higgs-doublet model (THDM) without imposing symmetry. 
We find that the new type couplings of charged Higgs to fermions not only depend on the flavors, 
but also can be ascribed by new CP violating phases. Unlike conventional THDM, the resulted 
new charged Higgs effects could have the specialties: (a) the influence on T{K^)/T{K^2) cannot 
be eliminated, (b) the decay constant of Dg could be enhanced, and (c) enhancement of branching 
ratio for B'^ — )■ t^p could be achieved. 
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Despite most experiments in agreement with the standard model (SM) predictions, it 
is beheved that SM is an effective theory at electroweak scale. For understanding the 
neutrino oscillations, matter-antimatter asymmetry, dark matter, etc., new physics beyond 
the SM should be included. A direct way to explore the exotic events is through high energy 
collisions, such as Large Hadron Collider (LHC) and International Linear Collider (ILC). 
However, by precision measurement and small theoretical uncertainties, low energy system 
could also provide a good environment to detect the new physics effects indirectly. 

Recently, since the experimental data have been reached a new precise level and some 
inconsistent results between theory and experiment are revealed, the potential of testing the 
SM in P iu has been studied broadly and seriously jl-^, where P denotes the charged K, 
D and B mesons. The current relevant measurements and SM predictions for the leptonic 
decays are summarized as follows: the world average (WA) of fo^ extracted by Dg — > i^i' 

isQ 

fo^ = 257.5 ±6.1 MeV, (1) 

where the new measurement on Dg ^ t^u by BaBar Collaboration l8| has been taken into 
account; however, the theoretical average of HPQCD (241 ±3 MeV) |9| and Fermilab/MILC 
(260 ± 10 MeV) [lol is given by f^f^ = 242.6 ± 2.9 MeV [ij. Other theoretical prediction 



could be referred to Ref. 



12| . The 2.4(j deviation from the measurement is the so-called fo^ 



(2) 



puzzle. The WA of BR for B ^ rv now is 13| 

B{B+^T+v) = (1.73 ± 0.37) X 10"^ 

With \VJ = (0.393 ± 0.036)% [1^ and average of in calculations of HPQCD (190 ± 13 
MeV) 



15| and Fermilab/MILC (195 ± 11 MeV) [16|, the SM prediction can be read by 



T' U] 



[1.01 ± 0.19 ± 0.13) X 10 ^. The theoretical prediction is somewhat 



smaller than experimenta' 
of KLOE [171 and NA62 



value. As to 
is 



'u decays, the WA with the measurements 



R 



K 



" r(K+ ^ /i+z/) 
(2.498 ± 0.014) X 10-^ 



(3) 

whereas the SM predicts = (2.477 ± 0.001) x 10~^ [l9|. By the accurate measurement 



of 0.4% on R 



K 



the violation of lepton universality may have the chance to be explored 



in mesonic decays. 



To investigate the impact of new physics effects on P"*" — )> f+z/, in this paper, we concen- 



trate on the charged Higgs mediated effects in the two-Higgs-doublet model (THDM) 20 |. 
It is well known that the general THDM leads to flavor changing neutral currents (FCNCs) 
at the tree level. For avoiding the large tree level FCNCs, some discrete or global U{1) sym- 
metry has to be imposed so that one Higgs doublet couples to up-type quarks while another 



one couples to down-type quarks [2l|, where now it is named by type-II THDM. Although 
in large tan /3 scenario (definition given below), the charged Higgs has an important impact 
on the — i'^u, however its contributions are destructive and make the theoretical results 



further depart from experiments 



22|. In addition, the nonuniversal lepton couplings in 



Rk are eliminated, i.e. the value of Rk in type-II THDM is the same as that in the SM 
Hence, in order to enhance fo^ and B{B^ — )■ t^v) and show the violation of lepton univer- 
sality in Rki our purpose is to explore the intriguing scenario for Yukawa matrices which 
could lead to free of FCNCs at the tree level in the THDM without imposing symmetry. 
We start with writing the Yukawa sector in THDM as 

-Cy = QlYI'UrH^ + QLY^UnH2 

+ QlY^DrH^ + QlY^DrH^ + h.c. (4) 

with Hk = iT2Hl. We can recombine Hi and H2 so that only one of Higgs doublets develops 
vacuum expectation value (VEV). Accordingly, the new doublets are expressed by 

h = sin l3Hi + cos /3H2 

H = cos (3Hi- sin I3H2= \ " I (5) 

where sin/3 = vi/v, cos/3 = V2/V, v = ^/vf + v^, < H >= and < h >= v/y/2. As a result, 
Eq. (j4]) can be rewritten by 

-Cy = QLYi'Unh + QlY^UrH 

+ QLY2''Dnh - QlYi^'DrH (6) 
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with 



UiD) 



1(2) 



= cos - sin /3K 



2^ ' 



D 



cos/3Fi^ + sin/3F2 



Here, ^]^'/2^f "* dictate the masses of quarks while y^^n)"' provide the couphngs of new neutral 



UiD) 



D 



(7) 



1(2) 



(1) 



and charged Higgses to the SM particles. We note that the same expression could be applied 
to leptons and the corresponding Yukawa matrices could be read by Y21, respectively. Hence, 
from Eq. (|6]) the diagonalized mass matrix for fermions is given by 



m 



dia 



V2 



(8) 



where a = 1(2) for F = U{D,i). Clearly, if y^2) 2(1) cannot be diagonalized simulta- 

neously, the FCNCs at tree level will be induced and associated with doublet H. Now our 
purpose is to look for the nontrivial ^2^-^-1 so that FCNCs can be avoided. The most obvious 
solution to the question is the aligned Yukawa matrices, i.e. Y'^i) oc ^^\- Due to the 
coupling of charged Higgs and charged lepton being proportional to the mass of lepton, this 
scenario will lead to the ratio, defined by 



(9) 



to be the same as SM; in other words, the violation of lepton universality in Rp will be 
canceled. We will show that in some interesting scenario, not only can Ygfi) y^2) 
diagonalized simultaneously but also the violation of lepton universahty could be generated 
in Rp by iJ^-mediated effects. 

To find the suitable Y'^i^ for satisfying our criterions, we set the relevant matrices to be 



'00 



'23 



a 

6 

0c 

a 

0b 

c 



\ 



( 



!12 



'31 



a 

6 

0c 

0a 

6 

c 



(10) 
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with a, b and c being arbitrary complex numbers. Multiplying the mass matrix of Eq. ([8]) by 
lij following lijUip^I^j, lijiTiji^Iij and lijm'^^lj^, one can find that the resulted new matrices 
are still diagonal. For illustration, we explicitly express {fhp^)ij = lijimf^^lf, as 



/ 2 



{rnT) 



00 



v 








/ 2 



(m 



dia.\ 
F J23 



V 










c^m/s J 

^ 

b'^nifs 



/ 2 



112 



\ 












/ 2 



[m 



dia.\ 
F J31 



C'mf2 J 



\ 








^ 

b'^rufi 

c^m/s y 

^ 




We find that besides the diagonal form is obtained, the new matrices may not have the mass 
hierarchy as shown in Eq. ([8]). Moreover, by the multiplications of lij x more possible 
patterns can be found. Consequently, a nontrivial and interesting relation between y^2) 
^2^1) indeed exists and FCNC free at the tree level can be realized in the THDM without 
imposing symmetry. In order to give a general expression, we formulate the new diagonal 
matrix as 



Vj J r 1=1 „. J-v„„Vi 



FtF 



L Lpa 



rF] 



a ^ Rpa ^ R ' 



(12) 



where /per could be any one of the matrices shown in Eq. flTUl) or their combinations, Ip^ could 
be Pp^, or /po- or ij^, 1.^^^ = V^HpfjV^ with x = L{R) being the helicity projection operator. 
Hence, if we set ^2^^^ = if^p^Y^^^I^p^, our purpose to find the solution to diagonalizing y^2) 
and Fgfi) simultaneously has been achieved. It is worth mentioning that although there are 
no FCNCs at the tree level, however, due to no symmetry protection, the FCNCs could 
be induced by radiative corrections, sketched in Fig. dl^a). Nevertheless, due to the soft Z2 
or U{\) breaking term, the similar radiative corrections also occur in the type-II THDM, 
illustrated in Fig.Jirb). Although the loop-suppressed FCNCs could have interesting impacts 



on rare decays 



E 



24l |. here we only pay attention to the leading effects on tree processes. 



We now move forward to the charged Higgs interactions with fermions. Although the 
elements in Eq. fITT]) do not show the regular hierarchy in masses of fermions, however, due 
to a, b and c being arbitrary complex numbers, we can reparameterize fh'^^ to be 



m 



dia 



(13) 




Di, Q 




(a) 



(b) 



FIG. 1: FCNCs induced by radiative corrections (a) without imposing symmetry and (b) with Z2 
or U{1) symmetry which is broken softly in Higgs potential. 



where rjp = diag(?7Fi, 'r]F2, Vfs) is a new diagonal matrix and the elements are undetermined 
complex parameters. Based on Eq. the corresponding charged Higgs interactions could 
be written as 



C 



V2_ 



-u 



dia ; 



+ h.c. 



+ ^^un^mf^PRi + h.c., 

V 



(14) 



where all flavor indices are suppressed and V = Vj^V^'^ is the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix. For comparison, if we take t]u. = cot /3 and r]£,. = r]i- = tan /3 (2=1-3), 
Eq. ([H]) can be restored to the type-II THDM. 

According to Eq. f|T^ , the effective Hamiltonian for dj — )■ Uilui mediated by if ^ is found 

by 



Uh^ = /K-Zir- [Vu.^uAUidj)s-p 

+ VD,mDj{uidj)s+p] {Iue)s-p 



(15) 



where we have used Gp = l/V2v'^ and {uidj)s±p = Ui{l ± '^^)dj. With the deflnition of 
P-meson decay constant, given by 



m'lr.q\P{p)) 



--ifpPti , 
: fpmj, 
mg + mg' 
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the if^-mediated transition matrix element combined with SM contribution for P — iui is 
obtained as 

M'p%f = -i%V,,m,fpr'p{Iu,)s-P (16) 



V2 



with 



r]*u,mu^ - VD.mp^ 

We learn that the if^'^-mediated contribution is only associated with the factor rp and it 
depends on the species of lepton due to the appearance of 77^. Since rju^, rjoj and rjg are all 
free parameters, in order to make the results be more predictive, we can adopt a simple 
scenario. As mentioned earlier, rju- and rj^- i play the role of cot /3 and tan/3 in the type-II 
THDM, respectively. If the new if^-mediated effects would like to satisfy the constraints of 
current data such as 6 — )■ 57, it is plausible to set |?7{/-| ^ \VDi\ ~ UM- ^ consequence, 
Tp could be simplified by 



^ i - -4 Ir/D-lV^^^ . (18) 



Intriguingly, in this plain scenario we see that the dependence of lepton flavor in Vp can be 
ascribed to the phase factor 0^^. Since 0^^. are the new physical phases, in general, they 
cannot be rotated away. If we enforce tid- = tan /3, we see that the magnitude of charged 
Higgs effects is the same as that in type-II THDM. In other words, apart from the new phase 
factor 0^^,, we do not introduce a new enhanced factor. 

In order to display the new physics effects numerically, we investigate the influence of 
charged Higgs on Rk for Ki2, on foJos ^~^^e decays and on BR for B i~^i^£, 

respectively. Using Eqs. (I9j) and (flGl) . the ratio of T{K^) to T{K'^2) can be expressed by 

- (1 + i^^;;^/.^^) (IS) 

with Ac^*^ = cos(</)^) — cos(0^), where because of the second term in the brackets being much 
smaller than unity, we have neglected the terms whose the order is higher than m|.?7g/m^±. 
The resulted numerical values as a function of ris/mH± and Ac^*^ are presented in Fig. [21 
The values in the figure denote the ratio Ft^^ /R^^. We see clearly that due to the lepton 
flavor dependent phases, if^-mediated contributions could modify the SM prediction and 
be still consistent with current data. 
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FIG. 2: Contour for T{Kf^) /T{K^^) as a function of rjs/mjj± and Ac^^, where the vahies in the 
figure are Rl^^/Rf^. 

Similarly, the same discussions could be app lied to i?^ = Tt^^^/Tt, ^, where the current 



world average is^ = (1.230±0.004) x IQ-^ [l^ while the SM prediction is Rf^ = (1.2352± 



0.0001) X 10"^ [19|. By the results, it seems that i?^ could give a more strict constraint on 
free parameters. For clarifying this point, we use the result of Eq. f|T8|) and choose some 
typical values of parameters as the illustration. With ~ m^, m,r = 0.14 GeV, mfj± = 200 
GeV and r]d = 50, Eq. f|T8|) could be estimated to be 

^ 1 - 1.2 X 10-^e^*d . (20) 

As a result, the charged Higgs effect on i?^ is of order of 10"'^, which is smaller than that 
on Rk by a factor m\/m^ ^ 12. Hence, Rk is more sensitive to the charged Higgs effects. 

Although P — l^v^ will contribute to the measurement of P — )■ I'^v and contaminate 
the extraction of P- meson decay constant, however, it has been studied that the radiative 
corrections to D'^ — t- /i'^(r"'")z/ are around (below) 1% {2], [261. Consequently, if we regard the 
corresponding CKM matrix element as a certain input, the decay constant of charmed meson 
could be taken as the physical quantity to test the SM. For Z^j"^ — £^z/ decays, since the 
if ^-mediated effects are proportional to the masses of down type quarks, from Eq. ( lT6l) one 
can understand that Lattice calculations and data have consistent results in ^n^; however 



due to rf)_^ being not negligible, a sizable difference in fo^ between Lattice [9|, llO| and data 
can occur. Hence, for displaying the effects, the relationship in decay constant of Ds 
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between observed value and Lattice can be formulated by 



JDs 



Latt 



1 - 



m 



Vs cos </)f 



(21) 



where we have assumed that V^s is known and its uncertainty does not have a significant 
effect on the decay constant of Ds. Taking mc(2GeV) = 1.27 GeV, m,(2GeV) = 0.104 GeV 
and m^)^ = 1.968 GeV |l^, the numerical values of I f]f^^ as a function of ris/mH± 
and (pl are plotted in Fig. [3l Owing to the appearance of cos</)f, clearly the sign of 
contribution could be fiipped and the fo^ puzzle is solved in the general THDM. 

1 ' 'V \ \ 

2.5r ^ 

„ 2r 

-1- 




ri /m„± [GeV 1 

s H 



FIG. 3: Contour for /d^ as a function of 'qs/mfj± and new phase (f>l, where the values in the figure 
denote /^f //^^f *• 

According to Eq. f[T^ . the BR for — )■ i^u can be straightforward written by 

B{B+ ^ i+u) = B^^\B+ ^ i'~iy)\ri\^ (22) 



with 



r% = l 



Vb rriB 



(23) 



Due to B being a heavy meson, unlike previous cases, we cannot neglect the associated 
higher order terms. Accordingly, the contour for the infiuence of on B~^ i'^u a.s a 
function of rib/mH± and is plotted in Fig. HI where the values appeared in the figure 
represent the ratio of i3^^P(5+ i+u)/B^^{B+ i+u). We see clearly that the BR for 
B~^ — 7- T^u can be enhanced to the value of world average. 

In addition to the leptonic decays, we could also study the charged Higgs on semileptonic 
B decays, such as i? — )■ (P, V)£i'. Since the contributions of charged Higgs to light lepton 
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ri^/m^± [GeV"'] 



FIG. 4: Contour for BR of B'^ — )• I'^u as a function of r]i,/mf^± and new phase 0^, where the values 
in the figure denote B^''P{B+ i+u)/B^^{B+ £+u). 



are helicity suppression, thus we just focus on tauon related processes. Recently, BaBar 27 1 



and Belle 



collaborations have observed B — Dtu^- decays to be 



R 



B^Dtv-t 



B{B- D^TU^) 



(41.6 ± 11.7 ±5.2)% BABAR [27] 

BELLE [28] , 



(24) 



where f = e, fi and the SM prediction is 



B^DrVr 



0.30 m. Although the errors of 
current data are still large, however, it will be a strong hint of new physics if any significant 
deviation from the SM prediction is found in the future B-factory. For dealing with the decay 
for B~ — )■ DrUr, the transition matrix element by SM and contributions is written by 



M{B Drur) = {TUrD\H^s\B) 



V2 



[(D|c7p,(l-75)6|5)f7^(l-75)i^. 



-5^f(D|c(l + 75)6|5)f(l-75)z/,] 



(25) 



with 6h = mbmT-r)l/m'jj±e^'^b , To get the hadronic QCD effects, we parametrize the B ^ D 
transition as 



(26) 



with P = pb + Pd and q = pb — Pd- Since the scalar form factor associated with 
contributions is unknown, therefore, for calculating the ratio, we adopt the parametrization 
given by 25 1 

B{B- Drur] 



R 



B-fDrUr 



0.2970 + 0.1065i?e(siy) + 0.0178|si^| 



(27) 
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with 



sh = 



ml - ml ril 




(28) 



1 — mc/mb m| 



where we have neglected the small contributions from light leptons. Consequently, the 
contour for Rs^Drur a function of rjb/mH± and (pl is displayed in Fig. |5l We have 
demonstrated that B{B~ — )■ DrVr) is also sensitive to the effects of H"^. 



FIG. 5: Contour for the ratio B{B — > DtUj-) /B{B — t- Di'i/^/) as a function of r]b/mfj± and new 



In summary, we find a new scheme for Yukawa couplings in general THDM without 
imposing symmetry. The scheme not only can avoid FCNC at tree level but also provides 
a novel couplings of charged Higgs to fermions. With the constraint of 6 — > S7, we find 
that the violation of lepton universality can be simplified to be the flavor dependent CP 
violating phase factor, 0^^. Unlike conventional type-II THDM, the new if^-mediated 
effects have the specialties: (a) the influence on T{K^)/T[K'^2) cannot be eliminated, (b) 
the decay constant of Ds could be enhanced, and (c) enhancement of branching ratio for 
T^u could be accomplished. 
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